The lowlying coast of the Northern Adriatic Sea, between the Venetian territory to the north and the Ravenna area to the south, is very sensitive to land and sea elevation changes. Subsidence assessments show that geological land subsidence has and continues to occur unevenly at different rates (from less than 1 to more than 5 mm/yr), ascribable primarily to sediment compaction and secondly to deformation of substratum. Anthropogenic subsidence, mainly due to groundfluid removal, has severely occurred in the second half of 1900 reaching values of some centimetres in the Venice area and a few meters southward. Starting in the 1970s, however, with the halt of groundwater withdrawals, anthropogenic subsidence has been strongly reduced or stopped. The availability of tide gauge data in Trieste, Venice, and Ravenna, along the Northern Adriatic coast, allows accurate assessment and meaningful observations of sea level changes. The analysis of data recorded from 1890 to 2007 shows negative trends of relative sea level equal to 1.2 mm/yr in Trieste, 2.5mm/year in Venice, and 8.5 mm/yr in Ravenna. Since Trieste is known to be stable, the rate of 1.2 mm/yr is attributable to the eustatic rise only. The comparison between Trieste and the other two cities shows that the trend at Venice and Ravenna is significantly influenced by land subsidence that is responsible for about the 57% and 85%, respectively, of the recorded relative sea/ground elevation changes. The relative sea level rise has induced modifications in geomorphologic and ecological features of the entire coast.
Introduction
The Northern Adriatic coastal area, from the Venice region northward to the Ravenna region southward ( fig. 1) , is underlain by a subsiding sedimentary basin.
Changes in ground elevation with respect to the Adriatic sea level have caused very deep modifications in its physiographical features over the last millennia, during the post Würmian climate improvement from about 12,000 to 6,000 yrs BP. The Venice Lagoon originated at the end of this phase [1] , the formation of the deltaic system of Po River dates back 2,000 yr ago [2] and the Ravenna coast reached the present location only a couple of centuries ago [3] . Changes in coastal morphology and hydrodynamics have been controlled by the relative sea level rise, i.e. the interaction between land subsidence and eustasy. Anthropogenic processes and interventions have primary modified the coastline evolution over the XX century. The coast of the Northern Adriatic Sea is the Italian area at greatest risk where peculiar vulnerable low-lying systems such as deltas, islands, wetlands, plains, and coastal cities are found. The availability of secular surveys on land motion and tide gauge data for Trieste, Venice, and Ravenna allow accurate assessment of relative sea level trend in the Northern Adriatic Sea.
Relative sea level rise
The low coast of the Northern Adriatic Sea is very sensitive to land and sea elevation changes. Subsidence and eustacy have been the most important processes inducing morphological changes; over the last half a century the entire coast has experienced a serious relative sea level rise, the main component of which is land subsidence.
Land subsidence

Venice region
Vertical displacements in the Northern Adriatic coastal areas are caused by both natural and anthropogenic factors, acting individually or together and on different timescales (millions to thousands and hundred to tens of years), thus reflecting the geological history and the human development of the territory. The role played by the long-term natural causes, i.e. tectonics and glacioisostasy, is negligible in modern times, while natural compaction of recent alluvial fine-grained deposits, that increase from the mainland toward the sea, has assumed a major importance. As a general statement a close correlation exists between the thickness of the Neozoic formations and the amount of natural subsidence, so that the sinking rate exhibits a non-uniform space distribution [4] . Subsidence assessments show that natural land subsidence has and continues to occur unevenly at different rates. In particular it has been estimated in the range of 0.5-1.0 mm/yr in the Venetian territory [5, 6] , about 2.0-2.5 mm/yr in the Ravenna area [7] , and twice as much in the Po River delta [8] .
Anthropogenic subsidence due to subsurface fluid pumping become a key problem for the land stability over the XX century, and especially after World War II, when the civil, industrial, agricultural, and tourist development required huge amounts of water and an increasing energy supply. The only difference is the nature of the fluid withdrawn: artesian water in the Venice area, gas-bearing water in the Po Delta, and both groundwater and, more locally, gas from deep inshore and offshore reservoirs in the Ravenna region [8] . From the early 1970s, countermeasures have been taken and anthropogenic subsidence strongly reduced or stopped all over the eastern Po plain. The cumulative subsidence has reached values of some centimetres in the Venice area, 2-3 m in the Po River delta, and as much as 1.5 m southward along the Romagna coastland with serious environmental impacts.
In particular, all over the Venetian district the most critical rates of about 17 mm in the Marghera industrial zone and 14 mm in Venice were measured between 1968 and 1969. Between 1952 and 1969 the average land sinking totalized about 11 cm in the industrial zone and 9 cm in the historical centre [9] . Although generally negligible in inland areas, these values have been highly significant for the lagoon and the city of Venice. The regional surveys carried out in 1993 and in 2000 have been of particular significance. They confirmed the stability of the mainland, Venice, and the central part of the lagoon, and shown subsidence rates up to 5 mm/yr along the littoral and at the northern and southern extremities of the lagoon edge [10] . Now geomechanical subsidence is generally under control, but because the sinking phenomenon is mostly irreversible, many of the induced effects still remain. Recently, ad hoc researches have shown that some portions of farmland bounding the lagoon are subsiding due to the biochemical oxidation of the soil organic matter. Also the widespread seawater intrusion along the coastal margin appears a further cause of "geochemical" subsidence caused by the salinization of the interstitial water in clay layers [11] .
By the innovative "Subsidence Integrated Monitoring System" (SIMS), which efficiently merges the different displacement measurements obtained by levelling, differential and continuous Global Positing System (GPS), and Synthetic Aperture Radar (SAR)-based interferometry, a high resolution map of the present land subsidence of the entire Venice coastal region have been obtained ( fig. 2) . The map, which refers to the 1992-2002 decade and covers an , has pointed out a significant spatial variability of the ground vertical movements, both at regional and local scales, and displacement rates ranging from a slight (1-2 mm/yr) uplift to a serious subsidence of more than 10 mm/yr [12] .
Po River delta
Considering both the magnitude and the seriousness of the environmental impact, the Po River delta is the most severe case of induced land subsidence in Italy. The compaction caused by rash exploitation of the gas-bearing water largely prevailed on natural subsidence rate estimated about 5 mm/yr. Extraction of methane from the five Quaternary aquifers located between 100 m and 600 m depth was performed from 1938 and mainly over the period [1950] [1951] [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] . A sinking rate up to 30 cm/yr was measured between 1950 and 1957 in the heart of the delta where the main pumping centres were located [13] . A cumulative subsidence ranging from about 50 cm to 3 m finally occurred ( fig. 3) .
The rates recorded by a levelling survey in 2000 are decidedly reassuring although they are in general still higher than those ascribable to the natural subsidence [14] . Land subsidence versus time along the shoreline of the Ravenna Municipality obtained from levelling data (after [7] ). Land subsidence rate in the Romagna coastland from InSAR over the 1992-2000 period (after [18] ).
subsidence still continues over a few kilometre wide coastal strip at a rate of about 10 mm/yr ( fig. 5 ), i.e., significantly larger than the natural one [7, 16, 17] . 
Eustacy
Increase of the sea level during the XX century and at present is a well documented process worldwide that is linked to climate changes, mainly ice melting and the consequent variation in the mass and volume of oceans. The relatively modest warming recorded thorough the last century has however induced rises of sea level around the world that have approached 12-20 cm. In this respect, it is important to point out that long tide-gauge records around the world show that the eustatic rate in the Northern Adriatic Sea, along with the whole Mediterranean Sea, is consistently lower (approximately 35%) than the global mean value [19] . This was attributed to NAO induced changes in atmospheric pressure, temperatures, and salinity variation, on account also of the specific features of this almost closed sea [20] .
An analysis of the mean sea level registrations at the coastal stations of Trieste, Venice, and Ravenna ( fig. 1 ) over the period from 1890 to 2007 show results that vary considerably between the different areas ( fig. 6 ). Although presenting short-cycle fluctuations, the historical tide-gauge data for Trieste are characterized by a unique linear trend for the whole period, with a mean eustatic rise of 0.12 cm/yr. Mean sea levels at Trieste, Venice, and Ravenna from 1890 to 2007. The linear regressions of the yearly values are represented together with the average eustatic rate. Ravenna records have been updated after [21] . Venice and Trieste records after [22] .
On the other hand, the average rising rate for the mean sea level at Venice and Ravenna is equal to 0.25 cm/yr and 0.85 cm/yr, respectively. Even much higher occurred in the period between the 1950s and the 70s due to the temporary influence of anthropogenic subsidence.
Since Trieste is located on a stable area, the rate of 0.12 cm/yr is attributable to the eustatic rise only [22] . This value is in good agreement with the eustatic rise measured at other stations in the Mediterranean Sea [20] . Considering the shape of the Adriatic Sea and the relative location of the tide gauges, it is plausible to assume as true the trend in Trieste, and apparent those computed in Venice and Ravenna where the influence of land subsidence on the relative sea/ground elevation changes results equal to 57% and 85%, respectively ( fig. 7 ).
Figure 7:
Yearly average sea levels from tide gauges of Venice and Ravenna compared with that of Trieste over the period between 1896 and 2007. At Venice and Ravenna the contribution of land subsidence (VLM) to the overall relative sea level rise is separated from the contribution due to the eustatic sea level rise (SLR) using the tide gauge records at Trieste.
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Unfortunately, no long tide gauge series are available at the Po River delta. Nevertheless on the basis of the considerations presented just above and the subsidence occurred in this area, it is possible to extrapolate that the influence of land sinking on the relative sea/ground elevation change has been 2-3 times greater than that computed for the Ravenna coast.
Discussion and concluding remarks
Relative sea level rise currently appears to be the main parameter for the increased vulnerability of coastal areas in the Northern Adriatic basin. The combined effect of land subsidence and sea level rise has threatened the industrial areas, the urban zones, and the surrounding vast marshland reclamations which become more prone to being submerged. A variation in the relationship between the land and the sea has occurred along the entire coast, with notable changes in geomorphological and ecological features [23] . The impacts of relative sea level rise include erosion, striking coastline regression concurrently with the deepening of the bottom slope near the shoreline, coastal inundations, and the destruction of the pine forest in some places along the Ravenna coastline [16] .
Due to the serious amount of the occurred relative sea level rise, a noteworthy saltwater intrusion in shallow aquifers and surficial waters has occurred along the Northern Adriatic coast as documented by [24, 25] . In the Po River Delta the morpho-ecological setting of the territory was completely altered and in its more internal zones, changes occurred in the hydrographic net with the inversion of the original discharge direction. Some areas become brackish swamps with severe consequences on the ecological system. Soil contamination by saltwater ( fig. 8 ) has had detrimental consequences on the agricultural and fishing activities of the region, which are normally located in transitional zones (i.e. the Goro/Gorino lagoon-marshy areas). The increase of Figure 8 :
Extent of the areas where saline water has definitely contaminated the soil in the Po River delta (modified after [25] ). Q is the Po River discharge.
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In the Venetian area, the relative sea level has risen by about 25 cm from the beginning of 1900 until today [10] . This apparently modest figure has become of crucial importance for Venice, with its singular relationship with the water within a complex lagoon basin. These 25 cm represents the main threat for the survival of the historical city, emerging today only 90 cm above the Northern Adriatic. Presently, relative sea level rise has increased the flood frequency by more than seven times with severe damages to the urban heritage, enhances erosion processes within the lagoon, and worsened the precariousness of the coastal strip, thus requiring ever more frequent restorative interventions [26] .
One can say that the entire Northern Adriatic low coast is already experiencing the effects of the expected variation in climatic conditions, associated with the risk of a global rise in sea level. Even if land subsidence is no longer a major threat, further few centimetres of rising sea could be a serious peril for the survival of these coastal zones. Keeping in mind the imperative duty "Venice must be saved" the Italian Government decided for the construction of mobile barriers at the three lagoon inlets, the so-called Mo.S.E., i.e. Modulo Sperimentale Elettromeccanico, (experimental electromechanical module) project [27] , to prevent water exchange with the lagoon any time the elevation in the Adriatic sea achieves the 110 cm height above datum.
During the twenty first century, sea level is expected to rise considerably faster that in the twentieth [28] , but because of uncertainties in the climate forecasting, it is not clear how rapidly this will occur. In particular, uncontroversial projections for the Adriatic Sea, that assumes very peculiar and different characteristics due to its shape and low depth, are still not available. On this base it has seemed plausible to propose local perspectives of relative rising sea level over the next century at Venice considering the regional history of the sea level trend, along with the IPCC A1B mid-range [22] . At the date, the results show that the projections of relative sea level by 2100 give a large range of possible conditions from 17 to 53 cm, i.e. between a moderate nuisance to an unsustainable aggression. In fact the flooding events of 110 cm above the local datum or more could increase to 20-250 times per year with respect to the present annual frequency of 4 times Although this rise will not happen suddenly, and more precise forecasts will be performed in the future, complementary solutions suitable to completely protect Venice from flooding should be investigated and an ad hoc management and planning of the defence of the city must be performed in advance.
